The CDC8 gene, whose product is required for DNA replication in Saccharomyces cerevisiae, has been isolated on recombinant plasmids. The yeast vector YCp5O bearing the yeast ARSI, CEN4, and URA3 sequences, to provide for replication, stability, and selection, respectively, was used to prepare a recombinant plasmid pool containing the entire yeast genome. Plasmids capable of complementing the temperature-sensitive cdc8-1 mutation were isolated by transformation of a cdc8-1 mutant and selection for clones able to.grow at the nonpermissive temperature. The entire complementing activity is carried on a 0.75-kilobase fragment, as revealed by deletion mapping. This fragment lies 1 kilobase downstream from the well-characterized sup4 gene, a gene known to be genetically linked to CDC8, thus confirming that the cloned gene corresponds to the chromosomal CDC8 gene. Two additional recombinant plasmids that complement the cdc8-1 mutation but that do not contain the 0.75-kilobase fragment or any flanking DNA were also identified in this study. These plasmids may contain genes that compensate for the lack of CDC8 gene product. The CDC8 protein of Saccharomyces cerevisiae is essential for chromosomal replication in vivo and is required for cell division. When the temperature-sensitive cdc8 mutant is grown at the permissive temperature, 23°C, and then shifted to the restrictive temperature, 36°C, cells accumulate that contain a nucleus located at the isthmus between parent cell and bud, but which do not divide. The first wave of DNA synthesis after shift up does not occur (8). The product of the CDC8 gene is apparently required throughout the period of DNA synthesis, since synchronized cultures of cells defective in the gene cease nuclear DNA replication when shifted to 36°C within the S period (9). Mitochondrial DNA replication also ceases at the nonpermissive temperature in cdc8 mutants (22), and replication of the 2-,um circle plasmid is defective in cdc8 mutants (17) .
cdc8 mutants (17) .
Recently the CDC8 protein has been purified to homogeneity, using in vitro replication systems (1, 15) . The purified protein binds to singlestranded DNA and stimulates DNA polymerase I activity on single-stranded DNA templates. The CDC8 protein may be identical to protein C, discovered by Chang et al. (4) .
To carry out detailed biochemical and functional characterization of an enzyme involved in DNA replication, it is necessary to obtain large quantities of purified protein. In Escherichia coli, one way to overcome the problem of low yield of replication proteins is to clone the gene coding for a given protein into temperatureinducible bacteriophage lambda vectors or into a high-copy-number plasmid. Overproduction of the replication proteins DNA polymerase I (12), DNA ligase (23) , and dnaC protein (13) has been achieved. Overproduction of the LEU2 gene product in yeast strains carrying the LEU2 gene on an autonomously replicating, high-copy-number plasmid has also been achieved (10) . Therefore, the same approach used in E. coli is applicable in yeast.
In this communication we report the molecular cloning of the CDC8 gene as the first step toward overproducing the CDC8 protein and studying the regulation of expression of the gene. We were able to select stable hybrid plasmids containing the CDC8 sequence from a yeast DNA library on the basis of their ability to complement a temperature-sensitive mutation in yeast transformation experiments. The identity of these genes with CDC8 was confirmed by demonstration that the plasmids carrying them also carry the sup4 gene, which is known to be linked to CDC8 in the chromosome.
MATERIALS AND METHODS
Strains and plasmids. The recipient in the transformations used to isolate and study the cdc8 gene was strain CLK6 (ura3 trpl cdc8-1). This strain was constructed by mating strain 198 (MATa cdc8-1) with strain SRGO5-1 (MATTa trpl-I met8-1 ile-I ilv-2) from Steve Reed (University of California at Santa Barbara). After MATa trpl cdc8-1 spores were identified, they were crossed with strain SS111 (MATa trpl-289 ura3-1 ura3-2 his3-532 ade2-10 gal2) from Stewart Scherer, California Institute of Technology, Pasadena. Strain 198 was provided by L. H. Hartwell. S288C (wild type) was the source of DNA for the construction of the yeast DNA library. E. coli MC1061 F-XaraDI39 A(ara-leu)7697 lacX74 galU galK hsdR hsdM strA was used to propagate the library. Plasmid YCp5O, a gift of Stewart Scherer, is shown in Fig. 1 and described in Results.
Medium. Yeast extract-peptone-dextrose (YPD) or synthetic minimal medium used for the culture of yeast cells is described in reference 25 . E. coli cells were grown in L broth or M9 medium (19) .
Nucleic acids. Plasmid DNAs from E. coli were prepared as described previously (6) . (18) . Fragments between 5 and 20 kb were purified and then ligated to YCp50 DNA that had been digested with BamHl and treated with calf alkaline phosphatase. The DNA concentrations in the ligase reaction were 50 and 10 ,ug/ml. After incubation for 15 h at 140C, the ligation reaction mixture was used to transform E. coli strain MC1061 to ampicillin resistance by the procedures described by Dagert and Ehrlich (5). The 0.1-ml ligation mixture produced 7.9 x 104 Ampr colonies, of which 75% were Tets, indicating that 75% of the transformants contained inserts or deletions at the BamHI site. The transformant colonies were scraped from the ampicillin plates, and the cells were pooled and collected by centrifugation and stored as described by Nasmyth and Reed (21) .
Another recombinant plasmid pool containing yeast DNA sequences in plasmid YRp7 (21) al. (11) , was used in this study. Strains were grown to an absorbance at 590 nm of 1 to 2 in YPD medium. Cells were harvested by centrifugation at 8,000 rpm (Sorvall RC5b centrifuge) for 6 min, washed once in water, and again collected by centrifugation. The pellet was suspended in 0.1 M lithium acetate (0.2 original volume) and incubated at 30°C for 30 min. The cells were collected by centrifugation and resuspended in 0.1 M lithium acetate (0.01 original volume). Cells were divided into 0.05-ml aliquots and DNA was added. After 30 min at 30°C, 0.6 ml of polyethylene glycol 4000 (Sigma Chemical Co.) in 0.01 M Trishydrochloride (pH 7.5) was added. Incubation was continued for 60 min at 30°C followed by 5 min at 42°C. Each 0.6-ml mixture was divided and spread on three petri plates containing the appropriate selective media. The hybrid molecules containing ARSI and CEN4 transformed yeast at high frequency (4,000 to 5,000 transformants per ,ug of DNA), and the resulting transformants were highly stable.
Localization of the minimal cdc8-complementing DNA fragment. The minimum sequence that complemented the cdc8 mutation was identified by using Bal 31 deletion analysis of the originally isolated plasmids. Plasmid DNA (3 ,ug) .
Restriction map of CDC8-containing inserts in YCp5O CDC8, YRp7 CDC8, YEp24 CDC8, and pSU4. The four inserts are drawn so that their overlapping regions are aligned. The dashed line represents a portion of vector sequences. The sizes of the various restriction fragments were estimated from gel electrophoresis. pSU4 was originally constructed by ligating a yeast EcoRI-Hindlll fragment containing the SUP4 gene into plasmid pBR322 (7) . The single XmaI site on pSU4 is located near the 3' end of the cloned tRNATYr gene.
in the presence of T4 DNA ligase, and the ligation mixture was used for transformation of E. coli cells. Individual transformants were grown in 5-ml cultures, DNA was prepared, and the structure of the resultant plasmids was examined by gel electrophoresis after treatment with appropriate restriction enzymes. Plasmids containing deletions ranging from 50 to 500 base pairs (bp) were chosen for complementation testing by transformation of yeast.
DNA of the plasmid containing the 255-bp deletion (YpCLK255) was purified, and a second round of Bal 31 digestion was carried out from the opposite side of the CDC8 fragment. YpCLK255 was digested with XhoI, Bal 31 digestions were carried out, and Xhol linkers were joined to the deleted DNAs. These deletions were religated and analyzed as above. The smallest insert that complemented cdc8 was approximately 0.75 kb. The final plasmid is called YpCLK1.
Other procedures. Procedures for nick translation, gel electrophoresis, and blot hybridization were those described by Maniatis et al. (18) .
RESULTS
Construction of a yeast DNA library in a centromere-containing vector. The vector chosen for the construction of the yeast library was the hybrid plasmid YCp5O (Fig. 1 This has the important consequence that each of the multiple transformations of yeast required for isolating and characterizing genes is accelerated by at least a day. Furthermore, at the outset, we did not know whether the CDC8 gene would be lethal in high gene dosage. YCp5O has a copy number of 1.
The library was constructed by a minor modification of the procedure of Nasmyth and Reed (21), as described under Materials and Methods. Since the pool contained at least 1.7 x 104 recombinant clones, there are approximately six yeast genomes in this library.
Isolation of CDC8-containing plasmids. When used to transform CLK6 ura3 cdc8, DNA prepared from the yeast YCp5O hybrid pool yielded about 103 URA+ transformants per ,ug, of which 0.04% were able to grow at the nonpermissive temperature (37°C). DNA was prepared from four of the yeast URA' CDC' transformants and introduced into E. coli by transformation to ampicillin resistance. Plasmid DNA was prepared from Ampr transformants and analyzed by digestion with restriction endonuclease followed by agarose gel electrophoresis. Since the four plasmids all had identical restriction enzyme maps, only one, YCp5O CDC8, was chosen for further study.
In a second set of experiments, DNA prepared from the yeast YRp7 hybrid pool described previously by Nasmyth and Reed (21) was used to transform CLK6 trpi cdc8. Five interesting TRP+ CDC' transformants were isolated. Restriction enzyme mapping indicated that three of these were identical and homologous with the YCp5O clones (see Fig. 2 ), and they were therefore designated YRp7 CDC8. Two others, discussed separately below, contained two different inserts and were not homologous to the YCp5O insert.
Finally, L. H. Hartwell had independently Table 2 presents data obtained from experiments to determine the mitotic stability of transformants carrying the various plasmids isolated. As expected for a centromere vector (27) , 98% of the transformants bearing ARSI-CEN4 hybrid plasmids, YCp5O CDC8, maintained both URA+ and CDC' phenotypes when grown under permissive conditions for 20 generations. However, only 15% of the cells transformed by YEp24 CDC8, a plasmid bearing the 2-p.m origin of replication, retained both URA+ and CDC' phenotypes after growing in rich media at room temperature for more than 10 generations. Unexpectedly, the ARSI-containing plasmid, YRp7 CDC8, gave rise to transformants that showed greater stability of both the TRP+ and the CDC' properties than even the CEN-containing transformants. Since total yeast DNA made from TRP+ CDC+ yeast cells after growth under nonselective conditions yielded fewer than 10 Ampr colonies when used to transform E. coli, the plasmid appears to have integrated into the chromosome in this particular transformant during growth under permissive conditions. Characterization of cloned inserts by restriction enzyme mapping and blot hybridization. To see whether the three independent isolates contained the same gene and to identify the region responsible for complementation, restriction enzyme maps of the respective inserts in YCp5O CDC8, YRp7 CDC8, and YEp24 CDC8 were derived. The plasmids contained overlapping inserts with the configurations shown in Fig. 2 .
One discrepancy in the map of the overlapping region is also shown in Fig. 2 . In the digest of YEp24 CDC8, there is an XmaI-SalI fragment that is approximately 150 bp smaller than the corresponding XmaI-SalI fragment in both YRp7 CDC8 and YCp5O CDC8. Blot hybridization, however (Fig. 3) , indicates that the 750-bp fragment shown below to contain the CDC8 gene (Fig. 4) Linkage of the cloned genes to the SUP4 locus. The apparent homology between the inserts isolated from YCp5O, YRp7, and YEp24 libraries was not alone sufficient to prove that all three contained the CDC8 gene. Since the CDC8 gene has been shown to be closely linked to the sup4 locus (16, 20) , demonstration that the cloned gene came from the sup4 region of chromosome X would constitute better proof that it was CDC8. To establish this linkage, use was made of the fact that the SUP4 gene had been previously cloned and sequenced (7) .
DNA from plasmid pSU4 (7), containing a functional SUP4 gene, was digested with appro- (Fig. 4) , and the probe in (B) was the 1.17-kb AvaI fragment shown in Fig. 2 priate restriction enzymes and analyzed by gel electrophoresis. The pSU4 plasmid contains an insert that overlaps the inserts in the CDC8 plasmids by several kilobases (Fig. 2) , raising the possibility that the putative CDC8 clones also carried the sup4 gene. The SUP4 gene itself contains a unique XmaI recognition site (7), allowing us to infer the position of the sup4 region on the CDC8 clones. Comparison of restriction maps indicates that the XmaI site in the sup4 gene forms one end of the common 1.5-kb XmaI-SaIl fragment found in YCp5O and YRp7 derivatives and of the 1.35-kb fragment in YEp24 CDC8. Further support for the overlap of the CDC8 and SUP4 clones comes from blot hybridizations shown in Fig. 3 . The 750-bp fragment from YpCLK1 (see Fig. 4 ) hybridized equally strongly to digests of the other cdc8-complementing plasmids and to the SUP4 plasmid (Fig. 3) . Previous mapping experiments show that there are no delta sequences on this probe (cf. Fig. 4 of reference 3) . Similar results were obtained with the XmaI-SalI fragments from YEp24 CDC8 or YCp5O CDC8 as hybridization probes.
The mapping data were then confirmed by carrying out the converse experiment, namely, by showing that the originally isolated SUP4 clone, pSU4, also contains the CDC8 gene and is capable of complementing the cdc8 mutation. Since the SUP4 gene was on an integrating plasmid and since such vectors exhibit low transformation frequencies, it would be hard to distinguish complementation from reversion to temperature resistance with the original pSU4 plasmid. We therefore constructed a recombinant plasmid containing the BamHI fragment of pSU4 (Fig. 5) inserted into the BamHI site of YCp5O. When the resulting plasmid was introduced into cdc8 by transformation, an almost equal number of colonies was observed at 23 and 37°C. The efficiency of transformation with this plasmid was a little lower than that with the three plasmids described above and might be due to the presence of the mutant SUP4 tRNATYr gene in the plasmid. We conclude that the cloned sequences shown in Fig. 2 tion of a plasmid containing the minimal complementing sequence are described in Materials and Methods and summarized in Fig. 4 .
The deletion analysis reveals that the smallest fragment capable of transforming the cdc8 mutant to temperature resistance at high frequency is 750 bp long. This fragment contains no delta sequences and hybridizes to the XmaI-SaII fragment from all of the libraries. This region lies <1 kb away from the SUP4 gene. The close apposition of the two genes accounts for the suppression of meiotic recombination frequency reported between the two genes (16, 20) . The transformation frequencies for a number of the deletion mutant plasmids was determined (Table  3) . Since the high frequency of transformation observed is typical of efficiencies obtained by complementation rather than recombination, these data suggest that the small fragment is producing a functional CDC8 protein or fragment thereof.
Detection of two additional genes that compensate for the cdc8-1 mutation. Two of the plasmids detected in the YRp7 library contain genes that complement cdc8-1, but that do not contain any sequence homology with the cloned CDC8 gene described in the preceding paragraphs. First, restriction enzyme mapping using both 4-and 6-bp recognition enzymes shows that the two plasmids isolated from the YRp7 library have a completely different restriction map from the plasmids discussed thus far and from each other (data not shown). Furthermore, no homology between these two plasmids and the 750-bp CDC8-containing fragment could be detected by blot hybridization (Fig. 3, lanes 3, 5, 9, and 11) . Based on the restriction enzyme mapping, we conclude that these plasmids give high-frequency transformation of the cdc8 mutants at the restrictive temperature by providing either a different protein that compensates for a deficiency in CDC8 protein or a suppressor of the missense mutation in cdc8-1. We have designated the genes responsible for this behavior SOC8-I and SOC8-2, suppressors of cdc8. These plasmids transform at a lower efficiency than the CDC8-containing plasmids (see Table 1 (14) .
Northern blot analysis, not shown in this work, indicates that the CDC8 gene cloned in YEp24 produces 10 times as much of a 0.9-kb RNA that hybridizes to the CDC8 gene as wildtype yeast cells. The overproduction of the RNA makes it likely the protein will be overproduced to the same extent. Since the assay for the CDC8 protein is not linear in extracts, we will have to purify the protein from strains containing the CDC8 plasmids before being certain the protein itself is also overproduced.
Finally, an unexplained but potentially interesting result is the isolation of two plasmids that do not contain the CDC8 gene but that do suppress the temperature-sensitive phenotype in strains carrying the plasmid. What are these genes? There are at least four testable possibilities. First, they may just be previously unidentified genetic suppressors, most likely missense suppressors. Second, and more interesting, they may encode proteins that can bypass the need for the CDC8 protein. The CDC8 protein may be a single-stranded DNA binding protein (1) , and perhaps there is a second such protein in yeast that can substitute for the CDC8 protein. We have identified an independent replication mutant that is deficient in a second single-stranded DNA binding protein that might serve such a function (C. L. Kuo, N. K. Huang, and J. L. Campbell, unpublished data). Third, they might encode proteins that are positively regulated by CDC8 function. Finally, the most interesting possibility is that these sequences may represent genes for other replication proteins that interact with the CDC8 protein, and overproduction of the protein might compensate for an interaction weakened by the cdc8 mutation. It is likely that the CDC8 protein does interact with other proteins since it has been shown in vitro to stimulate DNA polymerase I of yeasts (1) . Such genes should be required for viability and this can be tested by creating deletion mutants in vitro, replacing them in the chromosome and asking whether the mutation is lethal (24, 26 
